ABSTRACT -The aim of this study was to develop and implement a linear-programming model (LP) that provides as its result a schedule with the best selection of crops in each plot per period, and with the greatest weight gain for each animal. The linear-programming model was developed from empirical work carried out by Alvarenga and Gontijo Neto (2008) in an area of 24 hectares of Embrapa Milho e Sorgo, in Sete Lagoas, Minas Gerais (MG). For the computational implementation of the model, it was necessary to have data on agricultural suitability and animal weight gain for each period and for each plot. In order to test the developed mathematical model, values were randomly generated for agricultural suitability and for animal weight gain using the MATLAB solver. It was then possible to carry out the computational implementation of the linear-programming model in MATLAB. Two numerical trials were conducted, the first considering four periods, four plots and the transit of two animals, and the second with ten periods, four plots and the transit of three animals. The results show that the linear-programming model is consistent with the empirical work done by Alvarenga and Gontijo Neto (2008) . The linear-programming model satisfies all the imposed constraints, maximises the weight gain of each animal, and provides the best selection of crops.
INTRODUCTION
Sustainability in crop and livestock farming is negatively affected by traditional soil management and by the degradation of pasture. To minimise the fall in productivity, it is necessary to increase investment in the sector to recover degraded pastures and eroded soils, making the system unsustainable. Hence the need to invest in soil conservation (BALBINO et al., 2011; MACEDO, 2009; SILVA et al., 2012; TELLES; GUIMARAES; DECHEN, 2011) .
The search for alternatives that lead to agricultural practices carried out safely in order to guarantee present and future productivity is increasing, and such practices must be combined with reduced environmental impact (PATO et al., 2008) . Adequate management promotes an increase in the recovery of greenhouse gases (GHG), which are so damaging to the environment (CARVALHO et al., 2010) . In addition, the conservation of plant cover effectively contributes to the sustainability of these activities (BORGES et al., 2014) .
Crop-Livestock Integration (CLI) is a production system offering such benefits as diversified food production; an improvement in the physical, chemical and biological conditions of the soil; the replenishment of organic matter; a reduction in the costs of agricultural activity through optimisation of the use of inputs; and the control of weeds, pests and diseases (SALTON et al., 2015; SILVEIRA; STONE, 2003) .
It is in the context of the search for a sustainable increase in productivity that crop-livestock integration gains strength, because it provides the best use of the soil for agricultural and livestock activities developed in the same area, ensuring their economic viability (BARBIERI et al., 2013; COBUCCI et al., 2007; SOUZA et al., 2012) . Such use can be obtained through the management of these activities by intercropping, in succession or even by rotation.
The adoption of crop-livestock integration is complex, and it is necessary to plan the actions to be implemented when adopting this type of management so that the producer is successful. Martha Júnior, Alves and Contini (2011) state that the various demands of adopting CLI must be met; otherwise, the success of this type of management would be compromised. For Balbinot Junior (2009), the sustainability of CLI is a consequence of the relationship established between biological, economic and social factors.
The aim of this study is the development of a binary-programming model (NEMHAUSER; WOLSEY, 1999) , which simulates the rotation of agricultural crops and the transit of animals under a CLI system. The Integer Programming Problem is a type of linear-programming problem in which the variables must assume the values 0 or 1, known as a binary program. This type of program is widely used when searching for solutions, where value 1 means that the characteristic is present and value 0 means it is absent.
As in other areas, binary integer programming can be used in farming to achieve the efficient use of resources. In an area divided into lots, 0-1 programming means that 1 indicates a particular crop is grown in the lot and 0 indicates that the crop does not grow in the lot. The result is a timeline for developing activities. This mathematical model was developed based on the empirical work carried out by Alvarenga and Gontijo Neto (2008) in an area of 24 hectares of Embrapa Milho e Sorgo (Sete Lagoas, MG). The result of the mathematical model is consistent with this empirical work.
MATERIAL AND METHODS

Crop Rotation
In order to carry out the mathematical modelling and computational implantation of the rotational and strategic planning of crops, the crop-livestock integration system implemented in an area of 24 hectares by Embrapa Milho e Sorgo (Sete Lagoas, MG) (ALVARENGA, GONTIJO NETO, 2008) was considered as the scenario. With this technology, planning must be carried out, because the plots sometimes have to be used with crops and at other times as pasture. Accordingly, areas of Soybean (S), Pasture (P), Maize+Grass (M+G) and Sorghum+Grass (S+C) are considered within a predetermined planning horizon (number of periods), and an 'optimal' schedule of crop rotation (intercropped or not with pasture) is developed for each period and each plot. It is assumed that each crop is grown in one, and only one plot of the area under consideration. Here the optimal is the maximum 'adaptation' or weight that any one crop has when grown in a determined plot during a particular period. In general, a schedule of crops with maximum weight is sought.
It can be assumed that by means of a physical and chemical analysis of the soil in each plot, a physiological criterion can be established, based on the adaptation and growth of each crop in a given period; from this criterion, values between zero and one be are allocated to each crop, indicating the percentage advantage that the crop has in relation to the remainder when it is grown in that plot and during that period.
Therefore, from information such as the number of lots, number of cropping activities and the planning Binary programming to simulation of crop rotations and animal traffic in integrated crop-livestock horizon (periods), an optimal rotational crop schedule is determined through mathematical modelling and computational implementation.
Following is the mathematical model that represents the determination of an optimal rotational crop schedule from randomly generated data. It is begun by indicating with i-Periods (i = 1,...,m), j-Tracts or Lots (j = 1,...,n; n ≥ 4), and k-Crop, where k = 0 (Pasture), k = 1 (Soybean), k = 2 (Maize+Grass), k = 3 (Sorghum+Grass).
In addition, the following variables are defined:
Let p ijk be the weight allocated by the growth of crop k in plot j during period i.
Constraints:
1. During any given period i, each crop k, should be grown (or not) in one, and only one plot j.
(1) j = 1,...,n; i = 1, ...,m Se n = 4 (2) j = 1,…, n; i = 1,…,m Se n > 4
2. If during period i, crop k is grown in plot j, then crop k cannot be grown in plot j during period i + 1.
x ijk + x i+1jk ≤ 1 i = 1,...,m -1; j = 1,..., n; k = 0, 1, 2, 3 (4) 3. If during period i pasture (k = 0) is grown in plot j, then during period i + 1, soybean (k = 1) should be grown in plot j.
4. If during period i, soybean (k = 1) is grown in plot j, then during the following period i + 1, in plot j, Maize+Grass (k = 2) or Sorghum+Grass (k = 3) should be grown.
5. If during period i, Maize+Grass (k = 2) is developed in plot j, then during the following period i + 1, in plot j, pasture (k = 0) or Sorghum+Grass (k = 3) should be grown.
x ij2 -x i+1j0 -x i+1j3 ≤ 0 i = 1,...,m -1; j = 1,...,n (
6. If during period i, Sorghum+Grass (k = 3) is grown in plot j, then during the following period i + 1, in plot j, pasture (k = 0) or Maize+Grass (k = 2) should be grown.
Maximising the Objective Function (9)
Animal Traffic
Rotating between crops and pasture as a strategy for agricultural production, in addition to improving soil properties and reducing the incidence of insect pests, diseases and weeds, it offers the benefit of better stability of forage production to feed the herd throughout the year.
Below, the operational control of animal transit will focus on live weight and on the number of periods estimated until the animal is slaughtered. Following is the mathematical model representing the determination of the optimal animal transit from randomly generated data.
Consider the indices r = 1,…,p (Animals) and the parameters PV ri Live weight of animal r during period i (kg), PVA ri -Live weight gain for the slaughter of animal r during period i (kg) and g ijr -Gain in live weight of animal r in plot j during period i (kg).
For each i=1,…,m, consider S i = {r:PV ri < PVA ri } and = {r:PV ri << PVA ri }.
Both sets indicate those animals with insufficient live weight for slaughter or extremely low live weight for slaughter respectively.
Variables:
y ijr = 1 If during period i animal r is found in plot j = 0 If otherwise.
Constraints:
1. If during period i, plot j is between crops of Maize+Grass and animal i has insufficient live weight for slaughter, then this animal should remain in plot j during period i.
(x ij2 -y ijr ) ≤ 0 i = 1,...,m; j = 1,...,n; r ϵ S i (10) 2. If during period i, plot j is between crops of Sorghum+Grass and animal r has insufficient live weight for slaughter, then this animal should remain in plot j during period i.
(x ij3 -y ijr ) ≤ 0 i = 1,...,m; j = 1,...,n; r ϵ S i (11) 3. If during period i, plot j is under Pasture and animal r has extremely low live weight for slaughter, then this animal should remain in plot j during period i.
(x ij0 -y ijr ) ≤ 0 i = 1,...,m; j = 1,...,n; r ϵ
4. If during period i, soybean (k = 1) is grown in plot j, then animal r cannot be in plot j. i = 1,...,m; j = 1,...,n (13)
Maximising the Objective Function
Binary-Programming Model for the Problem of Agricultural-Crop Rotation and Animal Traffic under a CLI System. This model was constructed from the two models shown above by summing the respective objective functions and including the constraints of both models, thereby ensuring the rotation of crops and the issues related to animal transit, while observing the constraints. (15) In order for the binary integer-programming model above to be used, there should also be information about agricultural suitability (p ijk ), which indicates the percentage advantage that one crop has over the other crops, and the live weight gained per animal (g ijr ). These values for agricultural suitability (p ijk ) and live weight gain (g ijr ) are determined for each period and for each plot.
With the aim of testing the mathematical model, values for agricultural suitability (p ijk ) and for live weight gain (g ijr ) were generated randomly with the MATLAB 7.4 solver, considering sets of rules (or a set of constraints) that guarantee that the soil and production be sustained. MATLAB is a solver, whose language is based on matrices, which allows various mathematical calculations to be performed, function graphs to be constructed and linear problems to be solved. Two numerical trials were carried out, the first considering four periods, four plots and the transit of two animals, and the second with ten periods, four plots and the transit of three animals. Both trials were implemented in MATLAB using the integerprogramming tutorial.
The procedure for generating random values is crucial to ensure that the above model can be used with real data. In addition, a comparison was made with the empirical work carried out by Alvarenga and Gontijo Neto (2008) in an area of 24 hectares of Embrapa Milho e Sorgo (Sete Lagoas, MG). The result was consistent with the empirical model, i.e. the binary integer-programming model is valid. Table 1 shows the results obtained for four periods, four plots, two bulls and four crops (intercropped or not with pasture). It can be seen that constraint 1, relative to crop rotation, is satisfied, and indicates that for each period, each crop is grown in one, and only one plot. In addition, no crop is planted during any two consecutive periods, i.e. the constraints relating to equation (2) are satisfied, so crop rotation is ensured together with the cycling of nutrients.
RESULTS AND DISCUSSION
Note that, as required by the constraints (3) for crop rotation in each plot, if in a given period pasture is grown, then during the following period soybean will be grown, which helps in not degrading the pasture. This results in a reduction in costs, since the costs for renovating or recovering degraded pastures is quite high.
Similarly for each plot, if in a given period soybean is grown, then in the following period Maize+Grass should be grown (see plot 1, plot 2 and plot 3). On the other hand, if Maize+Grass is grown in any period, during the following period Sorghum+Grass is grown (see plot 1, plot 3 and plot 4). Note the sequence Pasture, Soybean, Maize+Grass in plots 1 and 2.
It should be noted that the symbol * indicates that the animal reached the necessary weight for slaughter. In relation to the 'weights', and as mentioned above, it is possible to establish a physiological criterion based on the adaptation and development of each crop in a given area and a particular period, from which values between zero and one can be allocated to each crop, indicating the percentage advantage of that crop in relation to the other crops when it is grown in that plot and during that period. Table 2 shows which animals have a live weight below that for slaughter; a value of one (1) indicates that the live weight of the animal is below that for slaughter, and a value of zero (0) indicates that the animal has reached the weight for slaughter.
It can be seen that the weights of the animals are below that for slaughter during both the first and second periods. During the third period, the first bull (b1) reaches the weight for slaughter; however the second bull (b2) should be fed during the third and fourth periods in the first, third and fourth plots, and the first, second and third plots respectively.
In relation to the optimal schedule for animal transit, it can be seen that during the first period it is recommended that both animals (b1 and b2) be fed in each plot; except in plot 3, where soybean should be grown, and where animals are not allowed to remain, as per the constraints (4) of the binary integer-programming model for animal transit. Table 3 shows the animals that have a live weight well below that for slaughter; a value of one indicates that the live weight of the animal is below that for slaughter and a value of zero (0) indicates that the animal has reached the required weight.
It can be seen that the weight of both animals is far below that for slaughter. In addition, during the second period, The results of the first numerical trial, which considered a total of four periods, four plots and two animals (b1, b2), show the validity of the model by satisfying all the imposed constraints and maximising the objective function, ensuring the weight gain of each animal and crop selection in each plot for each period being considered. Furthermore, because crop rotation is adopted, the inputs used for agricultural activity are rationalised and, as a result, production costs are reduced (FRANCHINI et al., 2011) . Table 4 shows the schedule for ten periods, four plots and the transit of three animals. It can be seen that the constraints (1) regarding crop rotation are satisfied and indicate that for each period, each crop is grown in only one plot. In addition, no crop is grown for any two consecutive periods; i.e. the constraints relating to the equation for crop rotation (2) are satisfied. Note, that as required by the constraints (3) for crop rotation in each plot, if in a given period pasture is grown, then during the following period soybean will be grown.
Again, for each plot, if in a given period soybean is grown, then in the following period Maize+Grass (plot 2 and plot 3) or Sorghum+Grass (see plot 1, plot 2, plot 3 and plot 4) should be grown, as per the constraints (4) of the crop-rotation model.
On the other hand, if during any period Maize+Grass is grown, then during the following period Sorghum+Grass (see plot 1, plot 3 and plot 4) or Pasture (see plot 2, plot 3 and plot 4) should be grown, as per the constraints (5) of the crop-rotation model. Similarly, Sorghum+Grass should be followed by Maize+Grass (see plot 1, plot 3 and plot 4) or pasture (see plot 1 and plot 4), as per Constraint 6 of the crop-rotation model.
Constraint 4 of the model for animal transit is met; i.e. if in any one period, soybean (k=1) is grown in plot j, then animal r cannot be in plot j. Thus, where soybeans are grown, no animals are present during any of the periods being considered. Table 4 -Optimal rotational crop schedule k=0 (Pasture), k=1 (Soybean), k=2 (Maize+Grass), k=3 (Sorghum+Grass) for ten periods and four plots, and the optimal transit schedule for three bulls (b1, b2, b3) There are multiple benefits from implementing the optimal rotational schedule for Pasture, Soybean, Maize+Grass and Sorghum+Grass, such as diversified food production; a reduction in the incidence of pests and diseases, very common in production systems based on monocropping; nutrient cycling; an improvement in the conditions of pasture, and a reduction in recovery costs by avoiding the processes of degradation.
Furthermore, it can be seen that by diversifying activities, the frequency of growing crops in each plot decreases. As a result, the negative effects of monocropping, such as a loss in productivity and degradation of the soil and natural resources, are reduced or even eliminated (LOSS et al., 2011) , while at the same time, resources are optimised, resulting in a reduction in farming costs, which contributes to the stability of the activity over the years, i.e. the production system is efficient. * -b2-b3 *-*-* * -b2-b3
Period 3 For the second period, b1 has enough weight for slaughter and therefore leaves sets S i and Ṡ i , during this period, b2 and b3 remain below the weight for slaughter and should therefore be fed in the plots where Pasture, Maize+Grass and Sorghum+Grass are cultivated, as per the constraints (1, 2 and 3) of the binary integer-programming model for animal transit.
During the third and fourth periods, b2 and b3 are still below the weight for slaughter, and should be fed in the plots where soybean is not grown. Finally, from the fifth period, b1, b2 and b3 have sufficient live weight for slaughter. Table 6 shows the animals that have a live weight well below that for slaughter; a value one (1) indicates that the live weight of the animal is below that for slaughter and a value of zero (0) indicates that the animal has reached the weight for slaughter. Animals b1 and b3 have a live weight well below that for slaughter, while the live weight of b2 is only just below the weight for slaughter; i.e. b2 does not belong to Ṡ i . From the fifth period, none of the animals has a live weight well below that for slaughter. The results obtained from the second numerical trial, which considered a total of ten periods, four plots and three animals (b1, b2, b3) also show the validity of the model by satisfying all imposed constraints and maximizing the objective function, ensuring for each period being considered the weight gain of each animal and the crop selection in each plot.
According to Gameiro, Caixeta Filho and Barros (2010) , the great benefit from implementing linearprogramming models in crop and livestock production systems is due to their considering various pieces of information and offering the best solution as a result.
Therefore, the integer-programming model presented in this section not only provides the optimal solution in the face of imposed constraints, one that maximises the weight gain of each animal with the best selection of crops in each plot per period, but also allows the producer to check the variations in some attributes, further improving the results of the crop and livestock production system. Tables 1 and 4 . The result therefore depends on these parameters, i.e. different values for these weights (p ijk ) and for the weight gained per animal (g ijr ), would produce a different schedule than those presented;
CONCLUSIONS
3. Crop rotation is highly recommended for randomly generated plots, and that result agrees with the experimental results obtained at Embrapa-Milho e Sorgo. Consequently, the mathematical model presented using binary programming is compatible with the empirical work by Alvarenga and Gontijo Neto (2008) developed in an area of 24 hectares at Embrapa Milho e Sorgo. From the results presented, it can be seen that it was possible to construct a mathematical model that meets the constraints of crop rotation, aiming at the efficient use of resources, and enabling the producer to verify the technical feasibility of adopting CLI on his property.
